Abstract. This paper discusses the effect of thermal shock on the mechanical properties of some ceramic matrix composites manufactured by the sol-gel process. The composites were preparedby the freeze-gelation of aqueoussols of two different matrix compositions, each containing about IOvol% of Saffil alumina fibres. The properties of one composite remainedalmost unaffected by the thermal shock, while those of the second material remained unaffected up to about 3000C and then fell smoothly as the water-quenching temperature was further increased to 6OOOC.
Introduction
The sol-gel process offers the possibility of economic manufacture of ceramic matrix composites (CMCs) to near-net shape and size by a relatively simple route that involves more modest firing temperatures than those usually required for ceramic bodies. We have been using the process to produce composites containing both short fibres (whiskers and chopped filaments) and continuous fine fibres by casting, injection, and filament winding<l,2). These composites are potentially usefulfor a wide range of engineering applications for less stringent service conditions than those for which CMCs are conventionally considered, in particular wherea modest level of strength is needed in combination with reasonable toughness and resistance to abrasive or corrosive conditions at low to intermediate temperatures. Of particular importance in this context is the requirement for a reasonable element of thermal shock resistance, and in this note we report some results of monitoring the effects of thermal shock on the mechanical response of a simpletype of short-fibre-reinforced CMC.
Materials
The source materials (sols) consisted of an aqueous dispersion of fine silica particles in which a filler consisting of somewhat larger particles (1-10 J.U1l) are dispersed to increase the solid yield. The materials tested were two varieties of composite produced by the freeze-gelation at liquid nitrogen temperature of filled silica sols containing approximately IOvol% of ICI Saffil alumina fibre. Both materials contained the same proportions of silica, mullite filler and Saffil fibre (3:2: 1, parts by weight), but the Syton X30 sol in the composite designated XMSCO1 itself contains 30 wt% of silica, while the Syton 1IT50 sol in the material designated HMSC04 contained 50 wt% of silica, the mean particle sizes ofthese two sols being 25 and 90nm (but with a large spread), respectively. In both cases the sols were filled with mullite of particle size less than 10J.U1l to reduce shrinkage during gelation so as to avoid shrinkage cracks. The samples were freeze-cast into blocks 100mm x 100mm x 50mm, allowed to dry naturally, and were then densified by impregnation with Syton D30 to give final porosity levels of about 3Ovol%. Becauseof the high reactivity, much lowersintering temperatures are required than is usual with ceramic materials, and these composites were fired at 100ooC. Samples lOmm x IOmm x IOOmm were cut from these blocks for testing.
Testing Procedures
Samples were tested for thermal shock resistance by quenching from a range of temperatures between 2000C and 6000C. Samples were soakedat temperature for 1 hour and then quenched into water which was agitated to prevent build-up of steam. Following the quench, the samples were dried in an oven at 600C for 24 hours prior to 3-point flexural testing at a cross-head speed of 0.5mm1min to determine stiffness, strength and work of fracture. An estimate of the fracture work was obtained from the area under the load/deflection curve, which is adequate for comparative purposes. Five samples of each composition were tested for each quenching temperature. The flexural tests were also monitored with acoustic emission (AE) equipment.
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Experimental Results
Figure I is a composite plot of all of the mechanical test results which shows the changes in stiffness, flexural strength and toughness as functions of quenching temperature. The graphs include data for samples in the as-received condition for which the points are arbitrarily plotted at OOC. The error bars in thesegraphs represent standard deviations.
The initial stiffnesses of the two composites are similar, and in both cases there is a roughly linear reduction of about 35% as the quenching temperature increases to 6000C. By contrast, the strengths and toughnesses of the HMSC04 are both initially higher than those of the XMSCO I composite by substantial margins. These initial levels of strength and toughness are unaffected by the thermal shock treatments until quenching temperatures of about 350°C are reached, and subsequently fall by about 50% as the quenching temperature rises further to 6000C, while the values for the XMSCO I composite appearto be largely unaffected by quenching. The variability in all of the test results appears in general to be lower the higher the quenching temperature. The effect of quenching from the highest temperatures studied seems to have the effect of reducing the better properties of the HMSC04 to the lower levels of the XMSCO I.
The acoustic emission experiments provided information about the cumulative number of events occurring in the course of a test. Figure 2 shows families of curves for the two composites which represent the cumulative AE as a function of flexural strain. It can be seenthat substantial numbers of AE events are occurring almost from the outset in these flexural tests in both materials. Logarithmic plotsof the samedata show, in fact, that hundreds of events are recorded within the first few seconds of a test. This is a commonly observed feature of the behaviour of many types ofCMc<3,4), which, even in The pattern of acoustic activity is modified slightly by the quenching process, however. It can be seen that in the quenched samples there is a marked tendency for the rate of emission, and therefore the rate of occurrence of sub-critical cracking events, to increase much more rapidly in the later stages of the test than in the unquenched samples. This effect is characteristic of all quenched samples, and the results shown in figure 2 are averages of those from many separate tests. The logarithmic plots also show that the initial level of acoustic activity is almost always reduced as the quenching temperature increases, suggesting that thermal shocking may have caused existing defects to propagate to a size where they require a higher level of strain to cause further propagation.
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Discussion
These are low-strength and stiffness composites for application at modest temperatures. The usually quoted fibre modulus is 30OGPa, and we have found that the dynamic modulus of the plain matrix is of the order of80GPa. With the random-composite efficiency factor of 0.167 and a power-law dependence of the matrix stiffness on porosity<2), a crude estimate of the composite dynamic stiffness is of the order of 27GPa, and the actual dynamic moduli of the composites represented in figure I were indeed between 25 and 30GPa (the flexural stiffness is alwavs lower because of the damage which occurs during bending). With about IOvol% of randomly distributed Saffil fibres, for which the strength, after milling, is between I and 2GPa, a rough calculation ofthe likely fibre contribution to the strength of the composite, ignoring any likely effectof the sintering process on the fibre strength, is 17-33MPa, which is reasonably close to the range shown in figure I . There is no evidence that the quenching process causes damage to the fibres in these composites, presumably because there would be little thermal stress generated in such fine fibres. We note that there is no step-wise drop in properties such as would be observed in monolithic ceramics after quenching from such temperatures as these. For a brittle material such as the HMSC04 composite, with a strength of about 45MPa, a modulus of about 15GPa, and an assumed expansion coefficient of about 5xI~/deg C (we do not have a precise value for the in situ porous matrix), the critical quenching temperature range, &T ait =O' e (1 -v)lE e a, is calculatedto beabout 4500C. However, the mechanical modulus represents an already-damaged structure, and since the dynamic stiffness of the composite is about 25GPa, a more reasonable estimate of &T ait would be nearer to 300°C, whichis more in keeping with the results in figure 1 .
The results in figure 1 suggest that the matrix exerts considerable influence on the behaviour of materials such as these. The proportions of colloidal silica, mullite filler, and Saffil fibres in the two materials are the same. The final levels of porosity in the two composites in the infiltrated and fired condition were not distinguishable in micrographs, despitethe fact thatthe XMSCO1 had a higher pore volumefraction initially following gelation as a consequence ofthe higherwater content in the sol (30% of silica, by comparison with 50% in the HMSC04 material) which has to be eliminated during drying after gelation. The major difference in the two sols was the particle size, that in the HMSC04 being of the order of four or five times greater than that in the XMSO1, and it appears that this difference is sufficient to influence the behaviour of the final composite more markedly than other factors. The smaller the initial particle size, the more closely packed will be the matrix, and the more reactive the matrix component during firing. Although we have no knowledge of the extent of fibre/matrix interaction during firing, it appears that the higher reactivity of the gel derived from the finer particle sol could also lead to a greater reduction in the fibre strengthat a given firing temperature than that for a coarser particle sol. An indication of the delicate balance involved has also been referred to in our earlier paper(2).
Strength and toughness derive from different mechanisms, and it may also be the case that the higher pore fraction in the XMSCO1 leaves a residual source of weakness in the form of defects originating from the initial pores, eventhoughthese have subsequently been partly filled and the final porosity level is indistinguishable from that in the HMSC04 composite. A defective structure such as the XMSCOI material possesses may then be less susceptible to further damage from thermal shock than that of the strongerand tougher HMSC04, and the effectcould be to generatethe behaviour seen in figure 1.
The basic model of thermal shock resistanee<6) predicts that the energy available from quenching will extend existing flaws. If these are present in large numbers, each flaw will only be able to extend a limited amount ("quasi-static propagation") and therefore produce a non-eatastrophic, gradual decline in strength. This has also been observed in a porous, densely microcracked zirconia system(7). We postulate that our matrices are similar, with thermal shock damage causing limited growth of subcritical matrix flaws but not large-scale crack growth and catastrophicfailure ofthe CMC.
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